Objective DNA repair pathways are crucial to prevent accumulation of DNA damage and maintain genomic stability. Alterations of this pathway have been reported in many cancers. An increase in oxidative DNA damage or decrease in DNA repair capacity with aging or due to germline genetic variation may affect prostate cancer risk. Methods Pooled data from two population-based studies (1,457 cases and 1,351 controls) were analyzed to examine associations between 28 single-nucleotide polymorphisms (SNPs) in nine DNA repair genes (APEX1, BRCA2, ERCC2, ERCC4, MGMT, MUTYH, OGG1, XPC, and XRCC1) and prostate cancer risk. We also explored whether associations varied by smoking, by family history or clinical features of prostate cancer. Results There were no associations between these SNPs and overall risk of prostate cancer. Risks by genotype also did not vary by smoking or by family history of prostate cancer. Although two SNPs in BRCA2 (rs144848, rs1801406) and two SNPs in ERCC2 (rs1799793, rs13181) showed stronger associations with high Gleason score or advanced-stage tumors when comparing homozygous men carrying the minor versus major allele, results were not statistically significantly different between clinically aggressive and non-aggressive tumors. Conclusion Overall, this study found no associations between prostate cancer and the SNPs in DNA repair genes. Given the complexity of this pathway and its crucial role in maintenance of genomic stability, a pathway-based analysis of all 150 genes in DNA repair pathways, as well as exploration of gene-environment interactions may be warranted.
may reflect the accumulation of DNA damage as a result of a series of processes including oxidative stress, inflammation or environmental carcinogens or a decrease in DNA damage-repair response capacity [3] [4] [5] . An increase in generation of reactive oxygen species from metabolism of endogenous (e.g., androgens, inflammation) and exogenous (e.g., dietary meat, fat, environmental toxins) compounds within the prostate cells can produce DNA adducts or directly damage DNA [4] [5] [6] [7] . In support of this hypothesis, several studies have reported that DNA adducts are formed in the prostate tissue as a result of exposure to oxidative stress or environmental toxins, particularly heterocyclic amines (derived from red meat mutagens) and polycyclic aromatic hydrocarbons [8] [9] [10] .
DNA repair mechanisms are important pathways in removal of oxidative DNA compounds or DNA adducts from damaged genomic sites [11] . There are a number of DNA repair pathways, each responsible for repairing a different type of DNA damage. Base excision repair removes single base modifications including single-strand breaks, oxidative DNA damage and non-bulky adducts, whereas nucleotide excision repair removes larger lesions, which often result from environmental exposures such as smoking, UV radiation or external carcinogens [11, 12] . Alkyltransferases directly reverse DNA damage by transferring alkyl groups from damaged DNA onto the transferase enzyme [11] . Finally, double-strand DNA breaks are repaired through complex mechanisms including homologous recombination and end-joining repair pathways [13, 14] . Germline genetic variation in the above DNA repair genes/pathway, which may affect the capacity of encoded DNA repair enzymes to effectively remove DNA adducts or lesions, may result in enhanced cancer risk [15] [16] [17] [18] .
Several epidemiologic studies have examined associations between single-nucleotide polymorphisms (SNPs) in DNA repair genes, mostly non-synonymous SNPs with potential functional significance, and risk of prostate cancer [17, [19] [20] [21] [22] [23] [24] [25] [26] . However, results have been inconsistent across these studies due in part to different study populations, case ascertainment, or due to small sample sizes of each study and thus the potential for false-positive findings as well as limited power to detect modest associations. The objective of our study was to examine associations between genetic variants in DNA repair genes and risk of prostate cancer in a large population-based case-control dataset, with detailed information on demographic and lifestyle factors, screening as well as clinical features of the disease. In addition, we were interested in exploring whether SNPprostate cancer associations varied according to smoking status, family history of prostate cancer, or clinical features of this cancer.
Materials and methods

Study population
Study subjects were Caucasian and African-American men residing in King County, Washington, who participated in one of two population-based case-control studies of prostate cancer with ascertainment periods from 1993 to 1996 and 2002 to 2005 that have been previously described [27, 28] . Incident cases with histologically confirmed adenocarcinoma of the prostate were 35-74 years old at diagnosis, and were identified via the Seattle-Puget Sound Surveillance, Epidemiology, and End Results (SEER) cancer registry. The SEER cancer registry also provided information on clinical characteristics of prostate cancer including Gleason score, tumor stage, and serum prostatespecific antigen (PSA) level at diagnosis, as well as primary treatment for prostate cancer. Controls were men without a self-reported physician's diagnosis of prostate cancer, identified via random digit dialing, frequency matched to cases by 5-year age groups, and recruited evenly throughout the ascertainment period of the cases. Both studies were approved by the Institutional Review Board (IRB) of the Fred Hutchinson Cancer Research Center, and written informed consent was obtained from all study participants. Genotyping was approved by the IRB of the National Human Genome Research Institute.
Study subjects completed a structured in-person interview administered by trained male interviewers. The questionnaire collected information about demographic, social and lifestyle characteristics, medical history including prostate cancer screening, as well as information about family history of prostate cancer. After the interview, participants were asked to provide a blood sample. Of the combined 2,244 eligible prostate cancer cases and 2,448 eligible controls identified in the two population-based studies, 1,754 (78.2%) cases and 1,645 (67.2%) controls agreed to participate and were interviewed. Among men who participated, 1,457 (83.1%) cases and 1,351 (82.1%) controls provided a blood sample, which was used to obtain germline DNA for genotyping.
Selection of SNPs and genotyping
SNPs in DNA repair genes were selected for genotyping in this study based on the following criteria: (a) functional significance, as assessed by potential effects on enzyme level/activity or projected influence on DNA adducts levels, (b) previously reported association(s) with prostate cancer risk in earlier studies, and (c) tagSNPs with a minor allele frequency C5% selected from HapMap (version 3.1), dbSNP (http://www.ncbi.nlm.nih.gov/projects/SNP/) and the Genome Variation Server (http://pga.gs.washington.edu/gvs).
The majority of the SNPs in nine DNA repair genes genotyped in our study were non-synonymous SNPs (n = 13) followed by synonymous SNPs (n = 8), SNPs located in the UTR region (n = 4) and intronic SNPs (n = 4). Of the 28 SNPs successfully genotyped, 21 were tagSNPs; however, the coverage of variation across large genes such as BRCA2 or MGMT is small. SNPs with prior evidence from association analyses reported from other studies were included, except for the SNPs in the mismatch DNA repair pathway, which were part of another analysis. Potential functional prediction of SNPs that resulted in amino acid changes was assessed using the in silico classification program Polyphen [29] .
Genomic DNA was purified from peripheral lymphocytes using standard protocols [30] . The applied biosystems (ABI) SNPlex TM Genotyping system was used for genotyping and GeneMapper software was used for calling alleles. Discrimination of the specific SNP allele was carried out with the Applied Biosystems 3730xl DNA analyzer and was based on the presence of a unique sequence assigned to the original allele-specific oligonucleotide. Quality control included genotyping of 140 blind duplicate samples that were distributed across all genotyping batches. Each batch of DNA aliquots that were genotyped incorporated similar numbers of case and control samples collected in a specific calendar year (e.g., 2003) and duplicate samples were distributed equally across the entire genotyping plates. The laboratory personnel that performed genotyping were blinded to the case-control status of the samples.
Initially, 35 SNPs in ten DNA repair genes were selected. Of these, four SNPs (APEX1 rs2307486, MUTYH rs3219489, XRCC1 rs3547, XRCC3 rs861539) failed on the genotyping platform, and two others (ERCC4 rs1799802, MGMT rs2308318) were monomorphic in our study population. One SNP (rs1052133) in OGG1 had a drop-out rate of 9.5%, and thus was excluded from all statistical analyses. The remaining 28 SNPs in nine DNA repair genes with an average drop-out of 0.6% and an average genotype concordance of 99.7% across 140 blind duplicate samples were included in statistical analyses.
Statistical analyses
Deviation of genotype frequencies from Hardy-Weinberg equilibrium (HWE) among Caucasian and African-American controls considered separately was assessed by v 2 -tests [31] . Unconditional logistic regression was used to examine associations between SNP genotypes and prostate cancer risk among Caucasian and African-American men and to compute odds ratios (OR) and 95% confidence intervals (CI) [32] . Confounding by established and potential risk factors for prostate cancer was assessed for each genotype separately, fitting models using each main effect and then evaluating the change in parameter estimates of the SNP genotypes when other variables entered the models one at a time. All analyses were adjusted for age at diagnosis for cases and at reference date for controls. Further adjustment for a first-degree family history of prostate cancer, history of screening for prostate cancer (PSA and DRE tests) and smoking did not change the risk estimates and thus were not included in the final models. Both log-additive and dominant genetic models were considered for each variant allele depending on the distribution of genotypes. Likelihood ratio-based test statistics were used to identify statistically significant associations between SNP genotypes and prostate cancer risk.
A permutation procedure was used to account for the effect of multiple testing. Pairs of case-control labels and ages were permuted in order to approximate the distribution of the age-adjusted p-values under the null hypothesis. For each permutation codominant and dominant models were fit for all SNPs and the minimum of these p-values were kept for each SNP. The p-values were then ordered to approximate the null distribution of the order statistics for the p-values, starting from the smallest to the largest. The original p-values were also ordered and permutation p-values were calculated by comparing the ordered p-values to the null distribution for the appropriate order statistic. Permutation p-values can be interpreted as the probability of observing a p-value less than or equal to what was observed for the given order statistic under the null hypothesis of no association with disease for any of the 28 SNPs. The permutation approach to approximating the null distribution of the order statistics will be valid regardless of any correlation between the SNPs. A SNP was considered to be significantly associated with prostate cancer risk if the nominal p-value and the permuted p-value were both \0.05.
In addition, interactions between SNP genotypes and first-degree family history of prostate cancer (yes versus no) or between base-or nucleotide excision repair genes and either smoking status or lifetime pack-years of smoking were examined in relation to prostate cancer risk. Interactions were tested by including an interaction term in the logistic regression models and comparing the fully saturated model containing the main effects and interaction term with the reduced model containing only the main effects using a likelihood ratio test to determine statistical significance of the interaction effects [33] . Lastly, we also examined associations between SNP genotypes and clinical characteristics of prostate cancer. With respect to the Gleason score analyses, cases were grouped into those with Gleason scores of 2-6 or 7 = 3 ? 4, and those with Gleason scores of 7 = 4 ? 3 or 8-10 at diagnosis. For cancer stage, cases diagnosed with regional or distant stage were compared to men with localized stage at diagnosis. The Cancer Causes Control (2010) 21:289-300 291 frequency of genotypes for DNA repair SNPs in each group of cases was compared to the frequency of genotypes in controls using polytomous logistic regression models [34] ; these final models were adjusted for age and prostate cancer screening history.
Results
Selected characteristics of prostate cancer cases and controls, stratified by race, are presented in Table 1 . The distribution of age was similar between Caucasian cases and controls; however, among African-Americans cases were slightly older than controls (p = 0.0002). In both racial groups, cases were more likely than controls to report a firstdegree family history of prostate cancer and to have undergone PSA screening within the 5-year period before diagnosis or reference date. Table 2 presents associations between SNP genotypes and risk of prostate cancer in Caucasians and African-Americans, separately. In single SNP analyses, modest associations with overall risk of prostate cancer were observed in Caucasians for BRCA2 rs1801406 (OR = 0.81; 95% CI 0.69-0.95; comparing any G allele versus homozygous A allele carriers) and ERCC2 rs1799793 (OR = 0.70; 95% CI 0.54-0.91; comparing men with the AA versus GG genotype). In African-Americans, there was an association between prostate cancer and BRCA2 rs543304 where men with any C allele had an OR = 0.54 (95% CI 0.30-0.99) in comparison with men with the TT genotype. However, after adjusting for multiple comparisons, the associations between these three SNPs and risk of prostate cancer were no longer statistically significant.
Next, we explored interactions between DNA repair gene SNPs and first-degree family history of prostate cancer (yes versus no) and smoking (both smoking status and lifetime pack-years of smoking) in relation to prostate cancer risk. There was no evidence for effect modification (data not shown). Lastly, we examined associations between DNA repair gene SNPs and clinical characteristics of prostate cancer, including Gleason score and tumor stage among Caucasians (Table 3) . With respect to clinical features of this disease, two SNPs (rs144848, rs1801406) in BRCA2 and two SNP (rs1799793, rs13181) in ERCC2 showed some association with Gleason score or tumor stage in single SNP analyses. For BRCA2 rs144848, although men with the GG genotype had an OR of 1.83 (95% CI 1.09-3.08) of high Gleason score tumors in comparison with men with the TT genotype, the risk estimate was not statistically significantly different in comparison with the OR obtained for tumors with Gleason score 2-6 or 7(3 ? 4) (OR = 1.32, p-value for differences in ORs estimates = 0.22). For BRCA2 rs1801406 and ERCC2 rs1799793, although men homozygous for the minor allele had a slightly stronger reduction in risk of high Gleason score tumors in comparison with men homozygous for the major allele (ORs of 0.48 and 0.54, respectively), the risk estimates between higher and lower Gleason score tumors were not statistically significantly different. Similar findings of no significant differences were also observed in relation to tumor stage when data were stratified according to localized tumors versus regional/distant tumors. No associations were observed between the remaining 24 SNPs in DNA repair genes and any of the clinical characteristics of prostate cancer.
Discussion
In this population-based study, we examined associations between 28 SNPs in nine DNA repair genes and prostate cancer risk among 1,457 cases and 1,351 controls pooled from two prior studies conducted in King County, Washington. No associations were observed between any of these SNPs and overall risk of prostate cancer, after adjusting for age and multiple comparisons. Risks by genotype also were not different according to family history of prostate cancer or by smoking (either smoking status or pack-years of smoking). With respect to clinical characteristics of prostate cancer, two SNPs in BRCA2 (rs144848, rs1801406) and two SNP in ERCC2 (rs1799793, rs13181) showed some associations with Gleason score and tumor stage in single SNP analysis; however, ORs were not statistically significantly different between lower and higher Gleason score tumors or between localized versus regional or distant stage tumors.
In relation to BRCA2 SNPs, although both rs144848 (Asn372His) and rs1801406 (Lys1132 Lys) showed a stronger association with risk of higher grade prostate cancer in Caucasians, the ORs estimates were not statistically significantly different from those obtained for Gleason 2-6 or 7(3 ? 4) tumors. However, none of the previously mentioned SNPs in BRCA2 were associated with tumor stage in our dataset. BRCA2 is considered a strong susceptibility gene in prostate cancer, since studies of families segregating BRCA2 protein-truncating mutations [35] [36] [37] [38] [39] [40] , studies of populations who harbor founder mutations such as Icelandic [41] or Ashkenazi Jews [42] [43] [44] , as well as studies of younger-onset prostate cancer (age at diagnosis \55 years) unselected for family history [45, 46] all have reported that men who carry protein-truncating BRCA2 mutations have increased risk of prostate cancer with relative risk (RRs) ranging from 2.0 to 23.0 depending on several factors including study population, case ascertainment, age at prostate cancer diagnosis and familial history of several cancers such as prostate, breast and ovary. Unlike SNPs, which have an unclear role in protein function, the above deleterious mutations in BRCA2 result in an earlier truncation of the BRCA2 protein and thus are more likely to be linked to prostate cancer susceptibility; however, given their very low prevalence in the general population (*0.1%), it is estimated that \1% of sporadic prostate cancers can be attributed to these disease-associated BRCA2 mutations [47] . With respect to ERCC2 (XPD) SNPs, we found no association with overall risk of prostate cancer; however, there was an inverse association between two SNPs: rs1799793 (Asp312Asn) and rs13181 (Lys751Glu) and clinical features of prostate cancer including Gleason score and tumor stage. For both of these non-synonymous SNPs, although men homozygous for the minor allele had a stronger reduction in risk of higher Gleason score or regional or distant tumor stage in comparison with men homozygous for the more common allele, these ORs were not statistically significantly different for those obtained for lower Gleason score (2-6 or 7 = 3 ? 4) or localized stage prostate cancer. The ERCC2 gene encodes for a protein that is part of the TFIIH complex, which unwinds the DNA helix around the lesion in the earlier steps of the nucleotide-excision repair (NER) pathway [12] . This pathway is responsible for removal of DNA bulky lesions that occur from a variety of exposures, including UV-induced photoproducts, cross-links, oxidative damage or chemical adducts from PAH exposures [48, 11] . Two other studies have examined associations between the NER pathway and prostate cancer risk [17, 21] . Hu and colleagues [17] examined associations between NER capacity in isolated prostate tissue as measured in a host-cell reaction assay, and prostate cancer risk in a small clinic-based study of 140 prostate cancer patients and 96 controls. They reported a 2.6-fold increased risk (95% CI 1.2-6.0) of prostate cancer for men in the lowest quartile of NER capacity in comparison with those in the highest quartile [17] ; however, they did not consider genetic variants in NER pathway genes including ERCC2. In another study, Rybicki et al. [21] examined associations between the same two variants in ERCC2 (rs1799793, rs13181) that we evaluated and risk of prostate cancer in a family-based study of 637 cases and 480 brother controls (the study population was primarily Caucasian) and reported a positive association between rs1799793 (Asp312Asn) and prostate cancer, where men with the AA genotype had a 60% increased relative risk of prostate cancer in comparison with men with the GG or GA genotype [21] . No association was observed for ERCC2 rs13181 in that study [21] , nor did risks differ by clinical characteristics of prostate cancer. We did not observe any association between these two SNPs (rs1799793, rs13181) and risk of prostate cancer in our study; however, differences in results could be due to several factors including false-positive findings or different study designs, i.e., population-based versus family-based. With respect to other SNPs in DNA repair genes, we did not find any associations with overall risk of prostate cancer or clinical characteristics of this disease in our study population, although prior studies have reported positive associations between risk of prostate cancer and genetic variants in OGG1 [19] , XRCC1 [20] [21] [22] [23] [24] , MGMT [22] and XPC [25] in different populations. In a small study of 245 cases and 222 controls, Xu et al. [19] reported an OR of 3.2 (95% CI 1.19-8.73) for sporadic prostate cancer risk associated with the GG genotype versus CC genotype for OGG1 rs1052133 (Ser326Cys). However, that SNP was excluded from our analysis due to a high frequency of drop-outs. In relation to XRCC1, two studies of Caucasian populations [20, 21] reported no associations between prostate cancer and rs25487 (Arg399Gln), rs1799782 (Arg194Trp) or rs25489 (Arg280His), which are similar to our findings. However, one of these studies reported effect modification between XRCC1 rs25487 (Arg399Gln) and ERCC2 rs1799793 (Asp312Asn) in relation to risk of prostate cancer [21] . Finally, two small studies in Asian populations with a maximum of 250 cases reported positive associations between risk of prostate cancer and MGMT Leu84Phe [22] , XPC Lys939Gln [25] as well as XRCC1 Arg194Trp [22, 25] . However, the allele frequencies of these SNPs in Asians were different from those observed in our study population of Caucasians. Our study has several strengths and limitations that should be carefully considered when interpreting the results. Strengths of the current study include the population-based design, the sample size, and the availability of information on potential confounding variables, as well as the availability of clinical data on prostate cancer cases. A limitation of our study is that we examined only a small number of SNPs in DNA repair genes with respect to risk of prostate cancer, and some large genes such as BRCA2 or MGMT had minimal coverage. However, the majority of selected tagSNPs in our study were also non-synonymous SNPs with potential functional prediction based on the in silico Polyphen program. Another limitation is the small number of African-American men in this study that limited the statistical power to examine associations in this group.
Two potential issues that should be considered when pooling datasets of prostate cancer cases with different ascertainment periods are changes in the prevalence of PSA screening as well as a shift of Gleason score reading over time [49] [50] [51] . The increase of PSA screening over time would result theoretically in a higher proportion of prostate cancer cases diagnosed with minimal disease in the more recent study [49] . To assess this issue, we compared the prevalence of self-reported PSA screening among cases and controls between the two studies. Although the frequency of PSA screening increased among controls from 34 to 58% when comparing study I (1993-1996) and study II (2002 II ( -2005 , the frequency of PSA screening was similar between prostate cancer cases with different ascertainment periods, 73 and 71%, respectively. In addition, the distribution of Gleason score 8-10 tumors was similar between the two studies, 9 and 10%, respectively, although the prevalence of cases diagnosed with regional or distant stage tumors slightly declined from 26 to 18% when comparing study I (1993-1996) and study II (2002 II ( -2005 . Another issue is the shift of Gleason score reading over time, with the tendency of pathologists to record a higher Gleason score for prostate biopsy tumors in the more recent PSA screening era [50, 51] . Although we did not assess this issue directly, as mentioned before, the distribution of Gleason score was similar between the two studies. Finally, we stratified our data by study ascertainment period and ran separate analyses for study I and II, respectively. We did not find any significant differences in OR estimates obtained for each study separately, providing further reassurance that data from both studies are comparable.
In conclusion, we found no associations between DNA repair SNPs and overall risk of prostate cancer. Although, two SNPs in BRCA2 (rs144848, rs1801406) and two SNPs in ERCC2 (rs1799793, rs13181) showed some association with Gleason score or tumor stage when comparing homozygous men carrying the minor versus major allele, results were not statistically significantly different between clinically aggressive and less aggressive tumors. Although our findings suggest that selected SNPs in DNA repair genes do not contribute to prostate cancer susceptibility, given the complexity of this pathway and its crucial role in maintenance of genomic stability, a more comprehensive evaluation of tagSNPs, haplotypes, copy number variations and pathway-based analyses of all 150 genes in several DNA repair pathways, as well as exploration of geneenvironment interactions may be warranted.
